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Abstract 
Abundant bio-oil resulting from thermochemical conversion of biomass could potentially be an important source of renewable 
hydrogen (H2). Direct pyrolysis of hardwood bio-oil was carried out in an aerosol reaction system to evaluate temperature and 
catalytic effects on H2 production. The laboratory system achieved stable H2 output for hours without the need of steam or 
catalyst rejuvenation. Hydrogen yields (~50%) are comparable to those from fixed-bed reactors under typical pyrolysis 
temperatures (700  900qC). Pure nickel catalyst enhanced hydrogen yield at lower temperatures (d 800qC) but suppressed it at 
higher temperatures, while an activated charcoal catalyst showed activities only above 800°C. Elemental balance calculations 
estimate an overall enthalpy of reaction of 2 – 3 kJ/g bio-oil, less than 17% of the bio-oil heating value and lower than that of 
conventional steam-reforming processes. Advantages and future research needs of the aerosol approach for bio-oil/hydrogen 
conversion are discussed. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese 
Academy of Sciences (CAS). 
Keywords: Aerosol reactor, thermal cracking, water-to-gas shift, Ensyn bio-oil, particle technology 
 
 
* Corresponding author. Tel.: +1-702-895-1420; fax: +1-702-895-3979. 
E-mail address: antony.chen@unlv.edu 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese Academy 
of Sciences (CAS)
1868   L.-W. Antony Chen et al. /  Procedia Engineering  102 ( 2015 )  1867 – 1876 
1. Introduction 
Biofuels are known to be a carbon-neutral renewable energy source, i.e., plant growth needed to generate biomass 
feedstocks removes atmospheric carbon dioxide (CO2) offsetting the increase in atmospheric CO2 that results from 
biofuel combustion. The U.S. Energy Independence and Security Act (EISA) of 2007 requires that a total of 36 
billion gallons per year (bg/y) of renewable fuels be used by the year 2022, while 21 of these 36 bg/y must be 
“advanced biofuels”, i.e., derived from non-edible lignocellulosic materials and triglycerides [1]. Thermochemical 
processes involving gasification and/or pyrolysis have been widely employed for upgrading lignocellulosic biomass 
into higher-energy-density fuels [2, 3]. These processes generally produce syngas (consisting mainly of carbon 
monoxide [CO] and hydrogen [H2]), solid char, and liquid bio-oil, also referred to as pyrolysis oil, at various 
proportions. 
Up to 80% of biomass could be converted to bio-oil through pyrolysis [4]. Pyrolysis oil is a complex mixture of 
more than 200 oxygenated compounds, including acids, alcohols, aldehydes, ketones as well as lignin derived 
oligomers emulsified with water [5]. Unlike syngas that may be combusted directly to generate electrical power, or 
reacted catalytically to produce mixed alcohols or Fischer-Tropsch hydrocarbons, the high water content (20–30%) 
of pyrolysis oil substantially reduces its direct heating value. Pyrolysis oils are also chemically unstable, causing 
their viscosity and cloud-point temperature to increase over time. 
Biomass pyrolysis oil (termed bio-oil hereafter) can be converted to renewable hydrogen, which is a stable, clean 
fuel with applications in internal combustion engines and fuel cells. This has been considered one of the important 
uses of bio-oil and a source for hydrogen production in the near future [6]. Recent development of the bio-oil-to-H2 
conversion technology includes use of catalytic pyrolysis or partial oxidation with steam reforming in a fluidized bed 
system [7]. Wang et al. [8] and Czernik et al. [9] reported H2 yields of 60–75% based on these techniques. Major 
drawbacks are: 1) coking and deposition deactivating the catalyst and 2) high water and energy consumption. Direct 
pyrolysis of bio-oil in a fixed-bed reactor was also sought by Davidian et al. [10] and Domine et al. [11], who 
reported lower H2 yields of ~50% but also a lower input energy requirement than the steam reforming process. 
Moreover, they demonstrated a simple approach to rejuvenate the catalyst by removing coke (carbon) in a sequential 
oxidation step. 
The current study represents an attempt to carry out direct pyrolysis of bio-oil for producing H2 in a flow-through 
reactor based on a bench-top aerosol generation and reaction system operating at near-atmospheric pressure. This 
paper evaluates the experimental configuration in contrast to previous approaches. The syngas composition and 
hydrogen yield are determined as a function of reaction temperature, and the effects of catalyst are investigated, 
leading to recommendations for future applications and research. 
2. Experimental setup 
2.1. Aerosol reaction system 
Bio-oil feedstock was delivered, along with a catalyst, to a reaction zone where it was converted into H2 and 
other products, all in the aerosol phase. As shown in Fig. 1, the aerosol reaction system consists of delivery, heating, 
and detection subsections. Bio-oil was first nebulized into fine droplets by a constant output atomizer (Model 
3075/3076, TSI Incorporated, Shoreview, MN) using nitrogen (N2) as carrier gas. Catalysts in powder form were 
suspended into the feedstock and nebulized into aerosol with the oil. This is expected to generate oil-coated catalyst 
particles for maximizing the reaction surface area. The resulting droplet size depends on the viscosity of bio-oil and 
size of catalyst, typically ranging from 0.5 to a few μm. In typical steam reforming experiments (e.g., Czernik et al. 
[9]), oil and catalyst particles were separately carried into the reacting zone by superheated steam. 
A tube furnace (Thermolyne F21125, Thermo Fisher Scientific Inc., Waltham, MA) served as the main reactor 
where bio-oil and catalyst were heated to 500 − 1000°C. Bio-oil remained at room temperature (< 30°C) before 
entering the reactor, where it was rapidly heated to the target temperature due to small thermal masses of particles. 
This configuration avoided bio-oil polymerization in the delivery system. The aerosol residence time in the reactor 
was ~30 sec, determined from flow rate (0.8 L/min) and tube volume (0.4 L). Reaction products exiting the reactor 
went through a condenser and a particle filter before reaching the gas detection section containing a Nondispersive 
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Infrared sensor (NDIR; SBA-5, PP Systems, Amesbury, MA) and a Gas Chromatography-Helium Ionization 
Detector (GC-HID; SRI Model 8610C/HID, SRI Ins., Torrance, CA). The condenser removed low-volatility vapors 
including water from the gas stream while the filter captured remaining fine particles such as coke generated in the 
reactor. CO2 was continuously monitored by the NDIR sensor with ~1 ppmv sensitivity. The GC-HID was 
alternated between the sampling and analysis mode every 10−20 minutes. Gases were stored in a 1-cm3 sample loop 
(sampling mode) and injected into a molecular sieve/silica gel packed column for separation (analysis mode). HID is 
sensitive to inorganic gases such as H2 and O2 that do not respond to a flame ionization detector (FID). In this study, 
H2 and methane (CH4) in the gas stream were quantified by the GC-HID at ~10 ppmv sensitivity levels. Both the 
NDIR sensor and GC-HID were calibrated with gas standards traceable to the National Institute of Standards and 
Technology before and after the experiment. 
 
  
Fig. 1. Schematic overview of the experimental setup for bio-oil conversion. Dashed box indicates the aerosol generation section. Flows are 
controlled by three mass flow controllers to achieve a feed rate of ~1 mg/min bio-oil. Actual feed rates are determined by CO2 concentration 
downstream of the secondary reactor, corrected for the dilution (1:10) and background CO2 in the compressed air. NDIR: Nondispersive Infrared 
sensor. GC-HID: Gas Chromatography-Helium Ionization Detector. 
To determine the bio-oil feed rate, a fraction of gas/aerosol stream from the atomizer was bypassed to a 
secondary reactor packed with platinum (Pt) catalyst (Shimadzu Corp., Kyoto, Japan) through a flow splitter (Fig. 1). 
The stream was mixed with compressed air (21% O2) and heated to 750°C for a complete oxidation of bio-oil 
carbon into CO2. The conversion rate was determined to be > 95% for the bio-oils tested. Another NDIR sensor at 
the exit of the secondary reactor measured CO2 concentrations, from which the bio-oil feed rates (FRbio-oil) in gC/min 
can be calculated: 
ܨܴbio-oil ൌ
[ܥCO2]I
ܯܨܥbio-oil ൈ ܨI 
(1) 
where [CCO2]I is the CO2 concentration in gC/L and FI is the gas flow rate (L/min) at the inlet of the main reactor. 
MFCbio-oil is the mass fraction of carbon in the bio-oil. The calculation of [CCO2]I had taken into account the dilution 
ratio and background CO2 concentration (see descriptions in Fig. 1 caption). Flow rates were monitored by three 
mass flow meters. The conversion rate of bio-oil hydrogen to H2 (YH2, i.e., the yield of H2) is determined from: 
ுܻమ ൌ
[H2]O
[ܥCO2]I
ൈ ܯܨܥbio-oilܯܨܪbio-oil ൈ
ܨை
ܨூ  (2) 
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where [H2]O is H2 concentration (g/L) at the outlet of the main reactor, FO is the outlet flow (FO ~ FI), and MFHbio-oil 
is the mass fraction of hydrogen in the bio-oil. Using mixing ratios (x) instead, Eq. (2) is equivalent to: 
ுܻమ ൌ
ͳ
͸ ൈ
ݔுమǡை
ݔ஼ைమǡூ
ൈ ܯܨܥbio-oilܯܨܪbio-oil (3) 
where xH2,O and xCO2,I are output H2 and input CO2 mixing ratio, respectively, measured in ppmv. Since Eq. (3) does 
not require flow rates, the YH2 calculation is not influenced by uncertainties in the flow measurements. 
2.2. Bio-oil 
The bio-oil used in this study was obtained from Ensyn Corporation’s (Ottawa, Ontario, Canada) Rapid Thermal 
Processing (RTP™), which converts solid biomass (mainly hardwood oak-maple) to high yields (65−80%) of light 
liquids. A previous study showed that water, water-soluble, and water-insoluble fractions account for 23, 29, and 40% 
of the bio-oil mass, respectively, with the remainder being volatile acids [12]. The high water content of bio-oil 
allows reforming of hydrocarbons without additional water [13]. MFCbio-oil and MFH bio-oil were determined to be 
45.5±2.9% and 7.3±1.0%, respectively in this study by CHNS-O analysis (EA1110 elemental analyzer, Thermo 
Nicolet Corporation, Waltham, USA), leading to an H/C mass ratio of ~0.16, higher than that of cellulose (i.e., 0.14 
for [C6H10O5]n), the dominant organic polymer in biomass, owing to substantial char formation during the RTP 
process. The bio-oil has an empirical formula of CH1.93O0.78N0.004 and standard entropy of formation of -170 kJ/mole 
(-6.4 kJ/g) as determined by an oxygen bomb calorimeter.  
2.3. Catalysts 
Two types of catalysts tested in this study were nickel (Ni) and activated carbon powders. Commercial Ni 
powder of 99.9% purity and 325 mesh (mostly <5 μm) were suspended into bio-oil at 10 g(Ni)/1 L(bio-oil). Ni-
based catalysts have been widely used for steam reforming of bio-oil [14–16] to effectively lower the reaction 
temperature and reduce coke formation. Ni may also trigger methanation [17, 18], a reverse reaction of steam 
reforming that combines H with C (in CO or CO2) to generate CH4, though this reaction is favored at lower 
temperatures (400–500 °C) than those of steam reforming (700–900°C).  
Carbonaceous catalysts are attractive due to their resemblance to the coke/char formed in the steam reforming or 
dehydrogenation process. With carbonaceous catalysts, it would be possible to simplify catalyst collection and 
recycling, thus reducing the cost of hydrogen generation. This study tested an activated carbon charcoal with 220 
mesh size made from coconut shell. A similar material was reported to show significant catalytic effect on syngas 
production from pyrolysis of glycerol [19]. The charcoal catalyst concentration in bio-oil is the same as that for Ni 
catalyst. 
3. Results and discussion 
3.1. Stability of bio-oil feed and hydrogen production 
Figure 2 gives an example of the input and output of the aerosol pyrolysis system. The CO2 feed varied ~±10% 
around an average of 1290 ppmv, reflecting small fluctuations of aerosol generation from the atomizer. The input 
gas flow rate (FI) was set at 0.8 L/min to achieve a bio-oil feed rate at ~1 mg/min. At 800°C, stable H2 concentration 
of 551±30 ppm was detected by the GC-HID. Repeated experiments showed a stable hydrogen generation up to a 
few hours, as the effect of catalyst deactivation due to sintering or coke deposition was essentially nonsexist in this 
configuration. The hydrogen conversion rate at this condition is estimated (Eq. [3]) to be 44±2%. 
Hydrogen is formed from three major processes known as (i) thermal cracking, (ii) steam reforming (SR), and (iii) 
water-gas-shift (WGS), as explained by the following equations: 
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CxHyOz → C + CO + H2 + CH4 + other VOC products  
CxHyOz + (x-z) H2O → xCO + (x-z+y/2) H2 
CO + H2O ↔ CO2 + H2 
(i) 
(ii) 
(iii) 
Thermal cracking may occur with or without involving the catalyst, producing volatile organic compounds (VOCs) 
and carbon deposits. SR takes advantage of water inherent in the bio-oil, converting the smaller VOCs into H2 and 
carbon monoxide (CO). Although the practical reaction temperatures of (i) and (ii) depend on catalyst, they typically 
range from 600 to 1000 °C [20, 21]. Hydrogen production is enhanced further through WGS (iii). However, WGS is 
reversible (ΔH = -41 kJ/mole) with the reverse reaction favored at high temperatures (e.g., > 800°C). At lower 
temperatures, e.g., < 500°C, hydrogenation of CO occurs that converts CO into CH4: 
CO + 3H2 ↔ CH4 + H2O  (iv) 
(i.e., CO methanation, ΔH = -206 kJ/mole) thus limiting the hydrogen yield. Output of CO2 and CH4, i.e., [CCO2]O 
and [CCH4]O, are also shown in Fig. 2. They account for ~20% of feedstock C input. At this temperature (800°C), 
most of the remaining C is expected to be in the form of CO (which is not measured due to co-elution with N2 in 
GC-HID) with some contributions from coke and VOC carbon. 
 
 
Fig. 2. Gas production of Ni catalytic pyrolysis of bio-oil at 800°C. CO2 is quantified by NDIR sensor; H2 and CH4 are quantified by GC-HID. 
Error bars are estimated analytical uncertainties.  
3.2. Thermal-catalytic effect 
The dependence of bio-oil conversion rate on reaction temperature, with and without Ni catalyst, is presented in 
Fig. 3. From Eq. (3) and using a fuel C/H mass ratio of 6.2, the molar ratio of product H2 over input C, i.e., the y-
axis of Fig. 3, roughly equals to the hydrogen yield (~0.97 × YH2). A rapid increase in YH2 was observed from 700°C 
(7%) to 800°C (45%) in the absence of catalyst and reaches 69±4% at 1000°C. CO2, a common product of WGS, 
also increases with temperature up to 1000°C, and this contradicts a shift towards CO at high temperatures due to 
reverse WGS [22]. The reverse WGS may be compensated by more complete cracking and SR at high temperatures. 
In addition, reactions likely continued in the flow stream after the reactor towards equilibrium at room temperature 
where the measurements were made. This may explain the nearly constant CO2 and CH4 levels in the product gas 
(i.e., syngas) between 800 and 1000°C (Fig. 3a). 
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With Ni catalyst, the maximum YH2 does not increase, but the conversion starts at lower temperatures (Fig 3b). 
For instance, the Ni catalyst increases YH2 by > 250% at 700°C but does not increase YH2 at 800°C. Catalysts alter 
reaction pathway, lowering the activation energy, but they cannot change the equilibrium. The results suggest that 
equilibrium has been reached under this experimental configuration at temperatures of 800°C or higher, and that 
catalyst is not necessary for hydrogen production. In fact, the Ni catalyst may even suppress H2 and CO2 levels by 
enhancing methanation at lower temperatures downstream of the aerosol reactor. Unlike a conventional fixed or 
fluidized bed reactor, our catalysts stay in contact with the reactants/products until the flow is cooled to nearly room 
temperature. CH4 yield in the catalyzed system is 40−100% higher than in the uncatalyzed system while CO2 yield is 
58−83% lower. 
 
 
(a) 
 
(b) 
Fig. 3. Gas production from bio-oil pyrolysis as a function reaction temperature for (a) noncatalytic and (b) Ni catalytic conditions. Error bars are 
derived from three or more replicate experiments. 
3.3. Elemental balance and heat budget 
The overall bio-oil refining process may be described by the following equation: 
xCH1.93O0.78 → yH2 + zH2O + sCH4 + tCO + uCO2 + vC  (v) 
where x is the degree of cracking for bio-oil input and should range between 0 and 1. Other coefficients should all be 
positive. y, s, and u have been determined experimentally, and we assume z to be zero in the product gas mixture 
since 1) WGS equilibrium strongly favors H2 and CO2 under ambient temperature at the detectors and 2) H2O 
supply is limited without introduction of additional steam. This leads to three unknowns in Eq. (v), i.e., x, t, and v, 
which can be calculated from the balance of C, H, and O. N has been ignored due to the low content. Table 1 shows 
the optimal solution for various reaction conditions considering all the constraints. The standard reaction enthalpy 
(ΔH°) was calculated by subtracting the enthalpy of formation of reactants from that of products, and scaled to the 
degree of cracking. ΔH° with Ni catalyst, 2.8±0.2 kJ/g bio-oil, agrees closely with that reported by Iojoiu et al. [13] 
(~3 kJ/g). ΔH° without Ni catalyst is 30% lower at 1.9±0.1 kJ/g bio-oil. The yield for 700°C (without Ni) is so low 
that ΔH° calculation may be biased by the uncertainty in CO2 measurement, and thus the value is unreliable. 
The degree of cracking generally increases with reactor temperature and is enhanced by the Ni catalyst. 
Cracking/reforming is nearly complete at 1000°C with or without catalyst. The Ni catalyst also substantially reduces 
CO2 and coke formation, converting them to CO or CH4, and thus increases the heat value of the syngas despite 
limiting YH2 to ~55%. When CO concentrations are high in the syngas, additional hydrogen and methane yields may 
be achieved by introducing more water into the reactants (through steam or using a bio-oil with higher water 
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content). To maximize hydrogen yield, one could filter out particles, thus removing the catalyst, immediately after 
the reactor when the gas mixtures are still hot. 
Table 1. Elemental balance for Eq. (v) representing the overall bio-oil conversion reaction for different conditions. ΔH° is the reaction heat based 
on standard enthalpy of formation of reactants and products. 
Reactor 
Condition 
x (CH1.93O0.78) y* (H2) s* (CH4) t (CO) u* (CO2) v (C) ΔH° (kJ/g) 
   no catalyst 
700°C 0.09 0.07 0.01 0.00 0.04 0.04 0.1 
800°C 0.70 0.43 0.12 0.30 0.12 0.15 2.0 
900°C 0.79 0.52 0.12 0.31 0.15 0.20 1.9 
1000°C 0.96 0.67 0.13 0.41 0.17 0.25 1.9 
   Ni catalyst 
700°C 0.30 0.24 0.02 0.19 0.02 0.06 2.7 
800°C 0.80 0.43 0.17 0.58 0.02 0.03 2.9 
900°C 0.99 0.53 0.21 0.73 0.02 0.03 2.9 
1000°C 0.93 0.54 0.18 0.59 0.07 0.10 2.5 
*Measured values. 
 
The lower heating value (LHV) of the Ensyn bio-oil is ~17 kJ/g. It would require 11−17% of this energy to 
refine the bio-oil through cracking/reforming reactions illustrated in Table 1. In comparison, a complete steam 
reforming process requires, in addition to more water, a higher energy input of 4.7 kJ to convert each gram of the 
bio-oil into H2 and CO2 following: 
CH1.93O0.78 + 1.22H2O(l) → 2.185H2 + CO2  (vi) 
This increased energy input (27% of the bio-oil LHV) is due mainly to the need to vaporize liquid water. Moreover, 
if coke generated from our experimental process could be separated from the Ni catalyst (e.g., by acid leaching to 
remove Ni [23]) and isolated as a bio-char, it would result in negative CO2 emissions and produce a potential soil 
amendment [24]. 
3.4. SEM analysis 
Particle deposits on filters were analyzed by a desktop scanning electron microscope (SEM). Spherically and 
irregularly shaped particles with size of 0.1 to ~1 micrometer were observed for both uncatalyzed and catalyzed 
conditions (Fig. 4). They likely represent unreacted bio-oil condensation and partially reacted tar/bio-oil mixtures. 
Nanoscale monomers and agglomerates, similar to soot-like formations reported in other catalytic cracking or 
reforming processes (e.g., Davidian et al., [10] and Chen et al., [25]), only appeared from the Ni-catalyzed 
experiments. The absence of carbon nanofibers [26] may partly be due to a relatively short reaction time in this 
reactor. 
Fig. 4. SEM photographs of particle products from bio-oil pyrolysis for (a) noncatalytic and (b) Ni catalytic conditions. Particles are collected on 
filters (Balston disposable filter, Parker Hannifin Corporation, Haverhill, MA). 
10 μm 10 μm
1 μm(a) (b) 
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3.5. Effect of charcoal catalyst 
The current experimental design allows for conveniently testing other catalysts without repacking the reactor as 
long as the catalysts are in fine powder form that can be suspended in the bio-oil. With the charcoal catalyst, it was 
found that CO2 formed from partial oxidation of the catalyst in the secondary reactor, therefore interfering the feed 
rate measurement. Although the absolute yields are not available for elemental balance calculation, the catalyst 
activity can be evaluated by comparing H2 concentrations in the products considering that 1) the feed rate for a 
particular bio-oil/catalyst mixture are stable and 2) thermal cracking is nearly complete at 1000°C regardless of 
catalyst. Figure 5 compares relative H2 yields scaled to those at 1000°C for respective catalysts. While the Ni 
catalyst increases the H2 yields for all temperatures > 500°C, the catalytic activity of charcoal is not obvious at lower 
temperatures and even negative (i.e., resulting in less cracking) at 800°C. However, its catalytic activity increases 
rapidly to the level of Ni catalyst towards 900°C. Reaction mechanisms of these catalysts under different 
temperatures warrant further investigations.  
 
 
Fig. 5. Hydrogen yields as a function of temperature scaled to hydrogen yields at 1000°C for noncatalytic, Ni catalytic, and charcoal catalytic 
conditions. Error bars were derived from three or more replicate experiments. 
4. Conclusions 
This study demonstrates hydrogen production from direct pyrolysis of Ensyn bio-oil in a flow-through reactor 
based on aerosol generation and reaction. Catalysts in powder form were uniformly suspended in bio-oil and 
aerosolized along with the oil to maximize reaction surface area. This reaction system avoids preheating that might 
cause degradation of the bio-oil. The operational temperatures ranged from 600–1000°C. Hydrogen yields at 800°C 
reached ~45%, comparable with those reported using fixed-bed reactors. The system is further characterized by: 1) 
low water consumption (compared to conventional steam reforming process); 2) temporal stability; and 3) 
collectability of solid catalyst and coke particles for potential recycling. It is most useful as a bench-top experiment 
to examine catalytic effects and reaction conditions. 
The hydrogen yield generally increases with reaction temperature, partly attributed to more thermal cracking and 
steam reforming. Elemental balance calculations indicate that a complete decomposition of Ensyn bio-oil (> 99%) 
occurs at 1000 °C without Ni catalyst and at 900 °C with Ni catalyst, leading to a maximum hydrogen yield of 
69±4%. The Ni catalyst appears to increase hydrogen yield at lower temperatures (< 800°C) but suppress it at higher 
temperatures by allowing methanation downstream of the reactor that converts CO2 and H2 into CH4. SEM analysis 
revealed soot-like deposits only with the Ni catalyst. However, the overall coke yield is lower with the Ni catalyst, 
according to elemental balance. The reaction enthalpy for cracking/reforming on the Ni catalyst is estimated at 2.5–
0.0
0.2
0.4
0.6
0.8
1.0
1.2
500 600 700 800 900 1000
Sc
al
ed
 H
2
Yi
el
d
Reactor Temperature (°C)
Ni Catalyst
No Catalyst
Charcoal Catalyst
1875 L.-W. Antony Chen et al. /  Procedia Engineering  102 ( 2015 )  1867 – 1876 
2.9 kJ/g bio-oil (or 11−17% of the bio-oil’s lower heating value), comparable with literature values. Charcoal-based 
catalysts were also tested in this study. The catalytic activity of activated charcoal is not obvious at lower 
temperatures but increases rapidly to the level of Ni catalyst towards 900°C. Future research is required to 
understand the catalytic reaction mechanisms and develop methods for recovering the catalyst and purifying the 
hydrogen output. 
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